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SUMMARY

A typicalaxial-flowcompressorrotorusingNACA65-seriescompres-
sorbladeswastestedat lowspeedsanditsperformagcewasmeasuredover
a rangeofquantityflowratesat severalvaluesofannul-us-arearatioj
blade-settingangle,solidity,andReynoldsnunberto comparewithporous-
wti cascaderesults.Thedataobtainedwiththeannulusareavariedwere
correctedtothetwo-dimensional-flowconditionby twomethods.l?romthe
resultsofthisstudy,theconclusionwasreachedthattwo-dimensional-
flowporous-wallcascaderesultscanbe usedto estimaterotorperformance
withgoodaccuracyovera widerangeofconditions.Themean-sxial- ,
velocitymethodofconvertingtherotordatato two-dimensional-flowcon-
ditionsgavegoodagreementwithcascadedataforaxial-velocitychanges
acrosstherotoras largeas15percent.Therotorperformancechanged
onlyslightlyastheReynoldsnumberwasdecreasedfrom500,000to 2~,000.
As theReynoldsnumberwasdecreasedbelow250,000,decreasesinrotor
efficiency,pressure-risecoefficient,andturninganglewereobserved.

INTRODUCTION

Theperformanceofaxial-flowcompressorbladescanbe quicklyand
accurate~measuredindetailby usingstationarymodelsin two-dimensional-
flowcascadewindtunnels.Thecascadetunnelcanthusbe a veryuseful
instrumentforprovidinginformationneededinthedesignofaxial-flow
compressors.Questionsoftenariseas towhethertwo-dimensional-flow
cascadedatacanbe applieddirectlyto compressorsandwhatcorrections,
if any,mustbe made. Intheinvestigationreportedinreference1,

l-SupersedesdeclassifiedNACAResearchMemorandumL52H7by
WallaceM. Schulze,JohnR. R’Win,andGeorgeC.Ashby,Jr.
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rotor-bladesurfacepressuredistributionsandair-turning-anglevalues
werefoundtobe similsrtothosemeasuredinporous-wallcascadetests
atdesignangleof attack.Thepresentinvestigationwasdevisedto
provideinformationconcerningtheeffectonrotorefficiency,static-
pressureandtotal-pressurerise,andturningangleof changesinblade
single,solidity,flowrate,Reynoldsnumber,andannulusareathrough
therotor.Theperformmceoftherotorasestimatedfromcascadedata
wascalculatedandispresentedforcomparison.

A

An axial-flowcompressorrotorhavingbladesofcsmiber,solidity,
andhub-tipradiusratiotypicalofa centrallylocatedrotorina multi-
stagecompressorwasinvestigatedatlowspeedina 28-inchtestcompres-
sorwithoutguidevsaesor stators.Surveysoftheflowmadeimmediately
upstreamsmddownstreamoftherotorwereusedincalculatingtheperfor-
manceforcomparisonwithvaluesestimatedf’mmporous-wall-cascadetest .: _
results. —

SYMBOLS

A

cd

cl

L/D

D

E

I

M

n

Ps

PT

Q

~

annulussrea,sq ft

sectiondragcoefficient

sectionliftcoefficient

lift-dragratio

dismeter,ft

energyaddedtoairastotalpressure,

workdoneon airby rotor,ft-lb/sec

massflow,slugs/see

rotorspeed,rps

staticpressure,lb/ft2

totalpressure,lb/ft2

quantityflowofair,ft3/sec

dynsmicpressure,lb/ft2 ‘
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R Reynoldsnumberbasedonbladechordlength,enteringvelocity
andstsrderdstagnationdensi@andviscosity

r radius,ft

u rotorbladevelocity,ft/sec
expressedas a fractionof

(exceptInfig.1 where U is
thebladetipvelocity)

w

CL

P

5

v airspeedrespectiveto stationarycasing,ft/sec(exceptin
fig.lwhere V is expressedas a fractionofthebladetip
velocity)

airspeedrespectivetorotor,ft/sec(exceptinfig.1 where
W ise~ressedas a fractionofthebladetipvelocity)

angleofattackrelativetobladechord,deg

inletandoutletairanglerelativetohl-ades,degfromaxis

ratiooftangentialvelocitychsagethroughtherotorto
enteringaxialvelocity

ratioof specificheats

blade-anglesettingrespectivetorotoraxis,deg

adiabaticefficiency,percent

airturningangle,deg

airdensity,slugs/ft3

solidity,bladechorddividedbybladegap

airsinglein stationarycoordinates,degfromaxis

Qquantitycoefficient,—
nDt3

%2 - PSI
static-pressure-risecoefficient,

1U22P t

‘T2- P~l
total-pressure-risecoefficient,

*putp
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Subscripts:
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1 upstreamofbladerow

2 downstreamofbladerow

a axialdirection

d designcondition

e valuebasedonvectordiagramcorrectedto

f value.basedonvectordiagramcorrectedto
velocity

meanaxialvelocity

enteringaxial

h at

P at

t at

hubsection,D/Dt= 0.784

pitchsection,D/Dt= 0.892

tipsection,D/Dt= 1.000
“

ten tangentialcomponent

ch settlingchamber

APPARATUSANDTESTS

Apparatus.-A schematicdiagramofthetestcompressorispresented
infigure2. Theflowentersfromtheatmospherethroughthreescreens
intothesettlingchsmber.An entrsnceconehavinga contractionratio
of 13:1isusedto acceleratetheflowintothetestsection.Therotor
dischargesthroughanamulerdiffuserequivalentto 6° conicalexpansion.
At theendoftheannulardiffuser,theflowisturnedoutwardthrougha
radialdiffuserwhichcanbe adjustedto decreaseorincreasetheexit
areaandthusregulatetheflowrate. Thedriveisa 7~-horsepower
direct-currentmotoroperablefromO to 3,600rpm.

Theemnulartestsectionhasan inner-casingdiameterof21.82inches
andan outer-casingdisneterof27.82inches;thehub-tipradiusratiois
0.784.Thetestsweremadeonthe 5 = 0.6 bladesoriginallyreported
inreference2. Porous-wallcascadedesigndatafromreference3

t’
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indicatedthatthedesignconditionsshouldbe changedslightlyfromthe
originalvaluesofreference2, seetableI. Thedesignisfreevortex
usingNACA65-seriesairfoilsectionscamberedforisolatedairfoillift
coefficientsof1.2,1.1,and1.0atthe30-percent(inboardsection),
50-percent(pitchsection),snd70-percent(outbosrdsection)annulus
heightpositions,respectively.Thebladeshavea constantchordand
heightof3 inches.Thesoliditywasvsriedbychangingthenumberof
blades.Forthepitch-sectionsolidifiesof 1.0and0.5,thenuniberof
bladesusedwas26and13,respectively.Theaveragetipclesrancewas
approximately0.015inchor1/2percentofbladeheight.A rotating
innercasingextending5 inchesbeyondthebladeswasattachedtothe
rotorto supporttherotor-mountedinstrumentsandthebalsafairings
usedtovsxytheannulussrea(fig.3). Allthreeannulus-sreachanges
weremadeby alteringtheinner-casingdimneterfora shortdistance
alongthetestsectionasshowninfigure4.

Thestationaryflow-surveyinginstrumentsusedwereof thetype
showninfigure5. Oneinstrumentwasplaced1* inchesupstreaofthe

L inchesdownstreamforallrunsrotorforallrunsandtheother,lZ

. exceptthoseusingrotor-mountedinstruments.Forthesetests,the
downstreaminstrumentwasplaced~ inchesdownstreamtopreventinter-

* ferencewiththerotor-mountedrakeandprobe,figures6 and7, which
weremounted3 inchesdownstreamofthebladesonoppositesidesofthe
rotorspindle.Thedesigndetailssndcalibrationsoftherotor-mounted
probesrepresentedonfigures32 and33ofreference4. Therotor-
mountedinstrumentsweredesignedtodeflectlessthan0.005inchdueto
centrifugalforces.Thethreadedsleeves,solderedto thestreamline
shafts,wereusedformounting,angularsetting,andradialadjustment
oftheprobesatthethreepositionsused.

A sealed-ball-bearingtypepressure-trsnsferdevice,reference5,
wasmountedwithinthetestblowertotransferreadingsfromtherotor-
mountedinstrumentsto stationaryleadsthatwerepassedthroughtheside
oftheannulsrdiffuserandconnectedtothemanometerboard.Formost
tests,a verticslmultitubealcoholmsnometerwasusedto indicatethe
pressurereadings,However,atthelowspeedsusedtoobtaintheper-
formsmceatlowReynoldsnumbers,a calibratedmanometersetat amale
of84.25°fromvertical(givinga’magnificationfactoroften)wasused
toreadtheverylowpressuredifferences.

Testingmethods.-Whenthetestcompressorwasassembledforeach
conditioncarewastakentokeepinternalsurfacesevenlyfaired,clean,
andfreeof surfaceroughness.Therotorwasrunup tothetestspeed,
usually2400rpm,andheldwithin% rpmduringthetest. Surveysup-
streamanddownstreamoftherotorweremadesimultaneously.Theinstru-
mentswerelocatedatdifferentcircumferentialpositionstoprevent
interference.S&teensurveypositionsspacedto indicatethecomplete
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flowpatternfrominnerto outercasingwerenormallyused. Static-
pressure,total-pressure,andyawreadingsweretakenateachsurvey
position.

Therotor-mountedinstrumentsweresetatthedesignoutletangle
foreachradialpositionatwhichtheywereplacedandtestsovera range
offlowrateswererunwithoutfurtheradjustment.Althoughtheoutlet
anglevariedonly+3°,no significanterrorswereintroduced.Theindi-
catedoutletflowanglefromthesetestswasdeterminedby usinga yaw-
calibrati.oncurve.Inasmuchasyaw-calibrationtestsindicatedlessthan
l/4-percentvariationastheprobewasyawed3°,thetotal-pressureand
static-yessurereadingswereonlycorrectedforinherentprobeerrors
at0°yaw(fig.33ofref.4). —

Testprogram.-Sixcotiigurationsweretestedwithconstantannulus

area: 10 abovethforthedesignsetting(seetableI),for72 e design
10belw thedesignsettingatpitch-sectionsolidifiessetting,andfor72

of1.00and0.50.Thequantity-flowcoefficients,atdesignanglesof
1° bel~ design1°abovedesign,and7~attack,forthedesi~ setting,72

are0.640,0.476,&d 0.830,respectively.Theconfigurationwitha blsd,e-
anglesetting7~0abovedesignat a pitchsolidityof1.00wastestedwith

2
ratiosofrotor-exitannulusmea torotor-entranceannulussreaof 1.15,
0.85,sndO.70.Alltestsfortheseconditionsweremadeatrotorrota-
tionalspeedof’2,400rpm. TheReynoldsnumbereffecttestsweremadewith

A

—

e

theconfigurationhavinga constantannulusarea,a bladeangleat7~0
abovethedesignsetting,anda solidityof1.00atvariousrotorspeeds
from400to 2,4oOrpm. Therotor-mounted-instr~enttestswerealsomade
withthislatterconfiguration,therotor-mountedprobeandrakebeing
locatedalternatelyattheinboard,pitch,andoutboardsectionscorre-
spondingto the30-,50-,snd70-percent-annulus-heightpositions,respec-
tively.Thesetestsweremadeata rotorspeedof2,000rpmtoreducethe
stressesontherotor-mountedinslmxnentswithoutsignificantlyreducing
theReynoldsnumiber.Testsweremadeatnumerousflowratesfromthe
maximumvalueobtainabletoa conditionnearstall.exceptfortheReynolds
numbereffecttests,whenonlyvaluesneardesignwereused.

Precisionofresults.-Flowinstrumentswerecalibratedinan8-inch
calibrationtunnel.Thestatic-pressure-ctibrationfactorsusedgave
resultscorrecttowithin1/4percentofthedynamicpressure.Theyaw

A

nullpointsweredetermined;theinstrumentsandholdersweremounted;and
readingsweretakenwitha precisionbelievedtoprovidemeasuredflow ?
angleswithin1/4°oftheactualvalues.Thetachometerwascheckedwith
a stroboscopeatlinefrequencyandfoundtobe accuratewithin5 rpmor
1/5percentfornormaltestingspeeds.
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% Themanometerwasreadtothenearest0.01inchofalcohol,which
correspondsto approximately0.1percentofthedynamicpressureat aver-
agetestconditions.

4
ForthelowReynoldsnumbertests,theinclined

msmometerboardpermittedreadingsto thenearest0.001inchofalcohol,
orabout1 percentofthe@nsmicpressureat thelowestspeedandflow
rateused.

Thedatawereprocessedby anautomaticcomputingmachine.The
variousintegrationsrequiredwerealsoperformedby themachineusing
arithmeticaveraging.Computing-machineintegrationscheckedcontinuous
integrationswithin1 percent.

Estimatesofrotorperformancewerebasedonporous-wallcascadedata.
Cascadetestresultswerecorrectedbyinterpolationandextrapolationof
theavailabledatato theconditionsforwhichtheywerecompared.

Themeasuredmass-flowerrorsfortheconstant-areacondition,fig-
ure8, showthatthemaximumerroris lessthan3 percentsmdtheaverage
errorisapproximately1 percent.Forthevarying-areaconditions,fig-
ure9,themaximumerroris lessthan5 percentandtheaverageerroris
lessthan3 percent.On thebasisofthischeckandtheothertesting
accuraciesnoted,it isbelievedthatthefairedcurvesindicatetrue
valueswithin2 percentfortheefficiencyandpressure-risecoefficients,
andwithin1/4°forthedeflectionanglesatallconditionsexceptnear
stall.Thisaccuracyisfurtherverifiedby theclosechecksobtained
whenrerunsweremadeduringtherotor-mountedinstrumenttests.

RESULTSANDDISCUSSION

TestsWithVaryingSolidityandBladeAngle

Efficiencyandpressure-risecoefficients.-Theperformanceresults
oftherotoratthepitchsollditiesof 1.00and0.s0forbladeugles at

1°belowdesign1°abovedesign}thedesign,72 and7= arepresentedjointly
to simplifycomparisons.Theadiabaticefficienciesmeasuredatthese
sixconfigurationsareshowninfigure10. Theftiredcumes indicate
relativelyhighvaluesatallbutextremeflowrates.A peakvalueof
98percentis indicatedatthedesignconfiguration.Whenthesolidity
wasreducedto0.5,thepeakefficiencyatdesignwas95percent.The
efficiencyishighestatthelowbladeangles.Thetotal-andstatic-
pressure-ri,secoefficientsalongwiththoseestimatedfromcascade
turning-singledataforthetwosolJ.ditiesatthedesignbladesingleme
showninfigureIl. Theseestimatedcurvesassumeno losses,someasured
valueswouldnormallybe lower.However,laterfiguresshowthatthe
turninganglesproducedby therotorwerea littlehigherthantheesti-
matedvalues,sothepressure-risecoefficientsshouldbe skl@Klyhigher
thanestimated.Verycloseagreementis observed.
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An attemptwasmadeto estimatetheefficiencyby usingcascadeL/D
valuesanda proceduresuggestedinreference6. Reference3 presents
themethodofcalculatingthecascadec1 sad cd valueswed forthese
efficiencyestimations.Theefficiencycalculation,brieflydescribed
intheappendix,includesonlybladeprofile.lossesandneglectscasing
boundaxy-layereffects.Theestimatedefficiencycurvefortheconfigu-

1°abovedesignrationwithsolidityof1.00anda bladeangle72 is com-
psredwiththemeasuredvaluesinfigureX2 andisshowntobe lower.
Efficiencieswereestimatedbythisssmemethodusingthe L/D values
calculatedfromthedatameasuredwiththerotor-mountedinstrumentsand
areseentobe higher.ItisevidentthatthecascadeL/D values me
conservative.Theyareconsiderablylowerthenrotormeasuredvsluesand
morethanoffsetthecasinglossesneglected.Thisconditionmayoccur
becausethecascadevalueswereobtainedata Reynoldsnumberofabout
250,000,whereastheReynoldsnumberoftherotortestswasabout~0,000.
At theselowerReynoldsnumberslsminarseparationincreasesthedragval-
ues,and;hence,decreaaesthe L/D ratios.Infigure13is a-comparison
ofbladewakeprofileswhichindicatesthatcascadedragvalueswouldbe
morelikethoseoftherotorif cascadedatatakenata Reynoldsnumber
near500,000wereused.A lackof systematiccascadedataprevented
efficiencyestimationsbasedon L/D ratiosata Reynoldsnuniberof
500,000.ItIsbelievedthattheestimatedcurveusingrotormeasured
profilelosseswouldcloselyagreewiththeoverallmeasuredefficiencies
ifthecasinglosseswereincluded.Thepresenceofthesecasinglosses
is shownby thecurveinfigure14,inwhichblade-elementefficiencies
calculatedforeachsurveypointareplott”edfora typicaltestnear
designquantityflow.

&

—

. -—

.

.

.—..

Turningangle.- Figure15presentsthemeasuredflowturningangles
attheinboard,pitch,andoutboardsectionsfortwosolidifiesas com-
paredwithvalues estimatedfromcascadetestsforthesesixconfigura-
tions.In allinstances,therotorresultsarehigherby 1°to l~”. Since
thisindicateddifferencewassoconsistent,thepossibilityofmeasuring
errorsduetotheeffectofthewakesuponthestationaryinstrumentwas
investigated.Theflowdownstreamofa rotatingbladerowisdiscussed
inreference1. Hgwever,nomethodofcalculatingthiseffectresulted
in correctionslargerthan0.2°or0.3°assumingnormalwskeprofiles,
soitwasdecidedtomeasuretheoutletsinglesdirectlyfora givencon-
figurationwithrotor-mountedinstruments.Figure16 showstheresults
ofthisinvestigation.Thedirectlymeasuredturninganglescomparevery
closelywiththevaluescomputedfromdataobtainedby thestationary A“
instrumentsattheoutboardstationandvarylessthana degreeatthe
pitchandinboardstationsupto anangleofattackof16°. Thus,the r10~~er th~ e
actualdeflectionsare1°to15 stimatedvsluesandreason-
ablytruereadingswereobtainedwiththestationaryinstrument.An
explanationofthedifferencesissuggestedby thefactthattherotor
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dragcoefficientsarelowerthanthecascadedragcoefficientsas shown
infigure16. Sincetherotorwakesweresmaller,themainflowmore
closelyfollowsthetrailing-edgebladecontourandconsequentlyexperi-
encesa higherturningmgle. Thewakesinthecentralportionofthe
bladescaneasilybesmaller,forunlikethecascade,therotor-blade
boundarylayerscanflowtowardtheinneroroutercasingalongthe
bladesurfacespropelledby eithercentrifugalforceon theboundsry-
lsyerpsrticlesorthestatic-pressuregradientinthemainfield,which-
everpredominates.Reference1 discussesthisactionin greaterdetail.
Inaddition,figure13 indicatesthatifthecascsiiedatahadbeenat
theReynoldsnumberof therotortests,500,000,insteadof 250,000,the
dragvaluesand,hence,turning-snglevalueswouldhaveagreedmore
closelywiththerotorresults.

In figure17,thevariationofturninganglewithairinletangle
at constantsngleof attackispresentedto supplementcascadedatawhere
interpolationbetweeninletsinglesisrequired.Estimatedcurvesare
againincludedforcomparisonsmditcanbe seenthattheyfollowthe
ssmetrendsas intherotorbutat1° to l~”lowerturninganglesas
before.

Inorderto illustratetypicaldistributionsof flowsinglesand
pressure-risecoefficientsacrosstheannulusfrominnerto outercasing,
figures18and19wereprepared.Bothmeasuredandestimatedvsluesat
flowratesneardesignforthedesign-blade-angleconditionoperating
at so~ditiesof1.0and0.5arepresented.Measuredturningangles
thatarelargerthsmtheestimatedvaluesandtheresultingeffectson
theoutletangleandpressure-risecoefficientsme againevidentatsll
pointsfreeof thecasingboundarylayers.

Exitaxial.velocities.-Theoperationof thisfree-vortexrotorat
off-designconditionsresultedina radialvsriationofexitaxialveloc-
ities,exclusiveoftheboundarylayers,atthevsrioussections.In
reference7, a methodof estimatingtheaxialvelocitiesispresented.
Intheuseof themethod,it isnecesssryto estimatetheoutletflow
angleexpectedsothata finalresultcanbe obtained.TwoSysm of
estimatingtheseangleswereusedandthecalculationsmadeforfiveof
thetestsata sol.idi~of 1.0ateachofthethreedifferentblade-angle
settings.Thefirstmethodmakesuseoftheturninganglesestimated
fromcascadetestsindeterminingoutletanglesandthesecond,Constant’s
rule,reference8,whichforthepresentinvestigationwasinterpreted
tomeanthattheoutletangless.reconstantatthedesignvaluesregard-
lessof inletconditions(de/da=1). Figure20indicatesthediffer-
encein de/da valuesobtainedfromtestcompressorresults(average
of thevaluesattheinbosrd,pitch,andoutbosrdsections),cascade
results(formedium-csmber65-seriesairfoilsat conditionssimilsrto
thoseinthetestcompressor),andtheinterpretationof Constanttsrule.
Althoughsomepointchecksarenotexact,thetrendsofthetest-compressor



10 NACATN4130

andcascaderesultsaresimilarandtheagreementbetweenthetwois
consideredgood.Figure21presentscomparisonsofmeasuredandesti-
matedoutletaxial-velocities.Theoperatingconditionsevidentlyare
nearenoughtodesignsothattheaxialvelocitiesdonotdepsrtfar
fromconstantvalues.However,thetrendsobservedsrein goodagree-
mentwiththecalculationswheneitheroutlet-angle-estimationsystem
is usedinthecalculations.

. TestsWithVsryingAnnulusArea

4

In ordertodeterminetheeffectsofvqing theaxialvelocity
throughcompressorbladerows,oneblade-settingconditionwastested
withfairingsattachedto therotorhubto increaseordecreasethesxial
velocitythroughtheblades.Theconditionofa sokhiityof1.0anda blade

1°ab&e designsingle7Z wasselectedforstudy.Someoftheresultspre-
viouslydiscussedforthisconditionwithconstantannulusareasre
includedinseveralofthefollowingfigureswhichshowtherotorperfor-
mancewithnonconstantannulusmea forconvenienceinmakingcomparisons.
Figures22and23presenttheefficienciesandpressure-risecoefficients
measuredatratiosof rotor-exitannulusareato rotor-entrsmceannulus
areaof1.1.5,0.85,“and0..70as comparedwiththeconstant-arearesults.
For Az/Al= 1.0,thepeakefficiencyis about97.5percentas compared
with93,96.5,and97.5percentfor A2/Al=,.1.15,0.85,and0.70,
respectively.Withinthelimitsofmeasuringaccuracy,theefficiencies
increaseasthestatic-pressure-risedecreases.Thetotal-pressure-rise
coefficientsfortheseveralsrearatios,whenplottedagainstflowcoef-
ficient,figure23,areseentodifferconsiderably,particularlyfor
A2/A~=0.70.At a qyantitycoefficientof0.52,thetotal-pressure-
risecoefficientsat A2/AI= 1.15,I.00,0.85,and0.70 are0.60,
0.665,0.575,and0.355,respectively.Becauseofthelargedifference
inmeanvelocityforthedifferentarearatios,thequantitycoefficient
is probablynotthebestbasisonwhichto comparetotal-pressurerise.
A betterbasismightbe theeffectiveangleofattack~e whichis
basedonthemeanaxialvelocity.Infigure2k,thetotal-pressure-
risecoefficients~ areplottedagainsttheeffectiveangleofattack.
Nesrthedesignangleofattackthedifferencebetweenthe VT values
for A2/Al= o.85.@ 1.0 isverysmalL(approximately2 percentof
*T at A2/Al= l.O)jwhereas,thedifferencebetweenthe *T values
for A2/A~= 1.15ahd1.00 isnotas small(approximately7 percentof
VT at ~/Al = 1.0)● Theincreaseddiffusionwith +/Al = 1.15
decreasestheefficiencyand,hence,decreases‘$T.me chage int~-
gentidVelOCityAVtU, whichis_prOpOrtiOIIdto VT fOrCOIIStUt
efficiency,isaboutthesamenearthedesignangleof attackfora,, .-—..

.

0

.4
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15-percentdecreaseinannulussxeaas forconstantannulusareathrough
therotor.Evidentlytheeffectiveturninganglesneardesignsrenearly
thessmeforthesameeffectivesingleofattackeventhoughthearea
changeconsiderablyalterstheinletandoutletairangles.Thestatic-
pressure-risecoefficientisgreatlyaffected,however,andislarge-
dependentonthearearatioas shouldbe expected.

Thecurvesof a againste atthesefourannulus-srearatiosfor
theinbosrd,pitch,andoutboardsectionsaregiveninfigure25. The
measuredturnihganglesvsry~eatlyfromthevaluesestimatedfromcas-
cadetestsfor A2/Al= 1.00.Thevariationissystematic,butdiffer-
encesinturningasmuchas4°,arounddesignangleofattack,exist
whentheannulus-srearatiois15percentaboveorbelow1.00. Thedif-
ficultyofestimatingdirectlytheturninganglesofbladerowshaving
annulus-srearatiosotherthan1.0fromconstant-sreacascaderesults
hasbeenWown forSOEEtime.However,methodshavebeensuggestedto
cofiatthisdifficulty.

Onemethodof convertingthedatatotwo-d~nsional-flowconditions
isto assumethattheeffectiveoutletangleisfoundiftheoutletaxial
velocityistakentobe thesameas theinletvalue,theoutlettangen-
tialvelocitynotbeingchsmged,seevectordiagraminfigure26(a).
Thisassumesa constantcirculation.Thiscorrectionsystemwasapplied
to thesetestsandtheresultmtcurvesof a against19 areshownin
figure27. Cascadecurvesalsocorrectedinthissamemannerareincluded
forcomparison.Thesystemis seentoresultina laxgeover-correction
ineveryinstancewiththediscrepanciesnearlyas lsrgeas thoseofthe
initialuncorrectedvalues.Consequentlythissystemdoesnotappearto
be valid.

A secondmethodof correctionistoretainconstantcirculationbut
to correctbothinletmd outletsnglestothemeanaxialvelocity.This
of courseintroducesa differentvalueforboth a and 19,as indicated
inthediagramoffigure26(b).Theresultsusingthissystemareshown
infigure28withestimatedcurvescorrectedinthesanemanner.The
agreementismuchbetterbutcsrefulobservationrevealsthatthisis
alsoan over-correctionsystem.

Inan idealsystem,allthecurves,regardlessofaxial-velocity
chsmge,wouldfallupontheconstant-annaus-arealine. Althoughcor-
rectionto an axialvelocityofmagnitudebetweenthemeanandoutlet
valuewouldneWly producethisidealresultforthesetests,itIsnot
believedthatthissamecorrectionwouldbe optimumat otherrsmgesof
inletairangleorforothermethodsofproducinga changeinaxial
velocitythroughbladesections.l%erefore,a morefundamentalsystem
mustyetbe devisedifhighaccuracyat allconditionsisdesired.At
present,themean-axial-velocitysystemappearstoyieldresultsof

—
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sufficientaccuracyformostapplicationsinwhichsyial-velocitychanges
up to about15percentoccur.

Theman-axial-velocitycorrectionsystemwasusedto estimatefrom
cascadeteststhepressure-risecoefficientsandflowanglesacrossthe
annulusfora testneardesigninletairangleat eachof thefourarea
ratios.Theseestimationsarecompsredwithmeasuredvaluesinfigures29
and30. Forthearearatiosof1.00and0.85,thecomparisonsarenearly
exact.Thedifferencesinflowanglesandpressure-risecoefficients
evidentfor A2/A1= 1.15 probablyresultfromthelocaleffectsof
fairingsandincreasedboundary-layerthicknessdueto theseverestatic-
pressureriseacrosstherotor.Theconfigurationwith A2/A1= 0.70
hasa verylowestimatedstatic-pressure-risecoefficient,0.21compared
to 0.56fortheconfigurationforwhich A2/Al= 1.0,sothelowvalues
of total-pressure-risecoefficientcannotlogicallybe attributedto
thickboundarylayers.Morelikely,theassumptionof constantcircu-
lationforthiscaseofincreasingsxialvelocitythroughtherotoris
unsound.

Sincetheoutletsxialvelocitiesforthesearea-changetestswere
quitedifferenthorntheprevioustests,a comparisonwasmadebetween
measuredvaluesand-thoseestimatedusingthesystemofreference7.
Thiscomparisonwasmadeforonetestnearthedesigninletairangle
foreachareachangecondition,seefigure31. Themeasuredtrendis
againestimatedquitewellby thesystemusingeithercascadedataor
tiieinterpretati&of Const&’sruieforestimating

TestsofVaryingReynoldsNumber

Therotorspeed,qmtity-flowcoefficient,and

outletairangles.

resultantmeansec-

A

—

—

e.

—

—tionRe~oldsnfier-o~thetestsmadeto investigatetheeffectsof
Reynoldsnumbersreshowninfigure32. Thedesignflowcoefficient,
0.476,isalsoindicatedinthefigure.~e”Reynoldsnumberatdesign
flowforgivenspeedswasusedinthepreparationof theothergraphs.
Theadiabaticefficiencyisshowninfigure33. Thescatterinresults
isbelievedduetotestinginaccuraciesillustratedby theerrorsin
measuredmassflowsasalsoshowninthisfigure.Thetrendisquite
definite,however,indicatingan appreciabledecreaseinefficiencybelow
R= 250,000.A comparisoncurve,estimatedusingcascaderesultsandthe
equationofreference6, showscloseagreementintrendandabsoluteval-

—

ues. BecauseitiscomputedusingqnlydataforamI?ACA”65-(12)1Osec- A

tionanditdoesnotincludecasinglosses,theestimatedcurveis
expectedtobehigherandatbestanapproximation.Thetotal-and v
static-pressure-risecoefficients,figure34)alSOshowa decreasewith
reducedReynoldsnuuiber.Thereductionis10“to15percentforboth
curves,butnodefiniteReynoldsnumberbelow400,000“canbe described

.—
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. asthe“drop-offpoint.” Thecurvesof turningangleagainstReynolds
number,fairedat a’designquantity-flowcoefficientof 0.476forthe
inboard,pitch,andoutboardsections,figure35,showunexplained-4
trends.A gradualreductionisobservedas theReynoldsnumberis
decreasedfrom400,000to 150,000.At R = 150,000,thetrendreverses
andatR= 80,000,a returntovaluesmeasuredathigherReynoldsnum-
bersoccurs.Theestimatedcurvefor theinbosrdsectionfollowsthis
trendtothepointofreversal.CascadedataforlowerReynoldsnunibers
srenotavailable.Thedisplacementof theestimatedcurvefromthelo
measuredcurveby 1°to lZ isinagreementwiththecomparisonsmadein
figure15. Similarturning-angleresultsat theselowestReynoldsnum-
bershavebeenobservedinotherunpublishedinvestigations.

CONCLUSIONS

An investigationofa typicalaxial-flowcompressorrotorovera
rangeof quantityflowrates,bladeangles,annul.us-arearatios,solid-

. ities,sndReynoldsnumberswasmadeandtheperformancecomparedto
valuesestimatedusingporous-wall-cascadedata. Af3a resultofthis
study,itisconcludedthat:

s
1.Low-speedcascaderesultscanbeusedto estinaterotorturning

sqles,static-andtotal-pressure-risecoefficientsandefficiencies
accuratelyfora tidevarietyof’conditions.

2.Themean-axial-velocitymthod of convertingthedatato two-
dimensional-flowconditionscanbeusedwithgoodresultsinestimating
rotorperformancefromcascadedataforaxial-velocitychangesacross
therotoras largeas 15percent.

3. Thecalculatedoutletsxialvelocities,excludingtheboundary
layer,werefoundtobe ingoodagreementwithmeasuredvaluesforall
comparisonsmade.

4.Theflowturninganglesproducedbythetestrotorwereconsis-
0 tol~”forallconditionstested.tentlyhigherthancascadevaluesby 1
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5.Theeffectof’decreasedReynoldsnuiiberwasfoundtobe very
smallintherangebetween250,000and500,000.As theReynoldsnumber
wasdecreasedbelow250,000,decreasesinrotorefficiency,pressure-
rise-coefficient,andturningsnglewereobserved.Goodagreement
betweencascadeandrotortrendswasobserved.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,December16,19~2.
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APPENDIX

REDUCTIONOFDATA

Therelevsmtrelationshipsandthemethodsusedin calculatingthe
performancefroIuthetestdatatillbe presented.Allperformsnceqy.sm-
titiesarebasedonenteringconditionsof2,116poundspersquarefoot
and519°F absolute.

Therotorinletdensityforthesetestswasdeterminedfromthe
followingexpansionof theisentropicpressure-densi~relationship:

.

P

[

pch1 --(PS-P
‘ch s

-P
‘ch

YP
‘ch

2y_ps
ch

Y -1 )]-1

Theflowwasassumedtobe incompressibleandthepowerinputis
calculatedfrommomentumconsideration:

e

J(rtL12-I~=p
)‘%v~ - ‘+%
2x% d(r2~

rh2

Totalpressuresweredeterminedfromradialsurvey
poweroutputbasedon chaniberpressuremaybe very
forlowvaluesof PT2/PT1by

measurements.The
closelyapproximated

‘2=‘~”‘a2~T2-‘T.h)d(r2)
Themassflowat eachpointis

Jrt2
M=fi ()pVad rz

‘h2

Foreqyalmeasuredwss flows,rotorefficiencyis

‘2 - ‘1
nr =

12 - ‘1



Sincemeasured mass flow varied by as much as 5 percent (figs.8 and 9)a mm-flow correction

was applied to the efficiency. Ifthemassflowat position 2 is assumed correct and if the mass
flow errors are assumed to be the result of errors in static-pressuremeasurement,rotm effi-
ciency becoms

Actually the correctionshad ody a minor effect because El and 11 were always close to zero.

In reference 7 theoretical equationsare presented for the calculationof axial velocity
distributionsupstreamor downstream of blaie rows. If the general equation is mdified for the
condition of rotor testE with no guide vane and with constsmt inlet axial velocity (neglecting
wall-boundarylayers), the rotor exit axial-velocitydisl@bution becom?s:

JW% SIA2
—(, d D/Dt’

$.(co6 %):%@ ‘/Dt

1

z.
1’

‘1 9. i I
111 , I ,1
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Determination (1‘a2ofthevalueof necessaryto satisfy
Ut CosP2 ,=

~ut

continuityreqtiresa trial-and-errorsolution.As a firstapproxima-
tionan estimationofthepitchsectionaxialvelocityismadeby using
the

The

for

the

followingequation:

generalequationC= thenbe writtenfor
(va2~t)%,Dt ~ sOlve~

()Va
2

()

v
Withthisfirstapproximationof a2

‘tc”s ‘2~Dt0 Utcos i32wDt’

generale~ticm canbe usedtodeterminetherotorexitaxialveloc-
itiesforsev&alradialstationsacrosstheannulus.To satisfycon-
tinuity,theintegratedareaunderthecurvesof V@Jt ‘d ‘a2/”t

(/ )
2

plottedagainstD Dt mustcoincide.Ad~ustmentofthevalueof
/ \

()‘a2Ut CosB2
ismadeto satisfycontinuity.Generally,continuity

%@
canbe satisfiedwithin1 percentforno

()

Va
mentsofthevalueof 2 .

‘t Cos‘2Dh/Dt
itydistributionwascalculatedforfive

moret- twoor threeadjust-

Inthispapertheaxialveloc-

radialstationsfromrootto tip.

A generalmethodforpredictingefficienciesforbladerowsfor
which L/D valuesareknownormaybe estimatedisgiveninreference6.
Thebasiceqmtion

Powerlosses
~ =1-

Powerinput

-—_
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whenappliedinthis.investigationbecomes.-.

where

data
this

Estimatedvaluesof L/D wereobtainedfromtheavailablecascade
forthevaluesof j3,a,and G expectedatvariousradii.In —
paper.thiswasdoneattheinboard~pitch,andoutboardradii.‘I’@

sectio=lefficiencyateachpointwascalculatedby usingtheabove
equation.Thecalculatedefficiencieswereplottedagainstradiusand
fairedtothecasingstoprovideanefficiencydistributionacrossthe
annulus.Theesthatedrotorefficiencieswereobtainedby mechanically .-

integratingtheseefficiencydistributionsandcomputingaveragevalues. A
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TABLEI.-DESIGNCONDITIONS

[ 1Descriptionofbladesectionsisgiveninreference3

Section e, P1) 132, ~) ~NACAbladeprofiled~~ deg deg deg deg D/Dt

Originaldesigndetailsfromreference2

Root

1

65-13.5)10 16.7 24.1 48.8 24.7 32.1 1.135 .784
Pitch 65-11)10 13.1 17.4 52.4 35.0 39.3 1.000 .892
Tip 65-8.5)10 10.0 12.9 55.5 42.6 45.5 .892 1.000

I Design conditionsforthisinvestigation I
Root 65-13.5)10

[
15.6 24.2 48.9 24.7 33.3 1.135 .784

Inboard 65-12)10 13.3 19.9 51.1 31.2 37.8 1.051 .849
Pitch 65-11)10

[
12.0 17.5 52.5 35.0 40.5 1.000 .892

Outboard 65-10)10 10.8 15.5 53.8 38.3 43.0 .954 .935
ITip 65-(8.5)10 8.9 13.0 55.6 42.6 46.7 .892 1.000

v

.

#
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pl= 52.5—

I a = 12.0

I

u = o.892 UarQ= 0.416

Designcondition

I
e=uo3 61=0(

/

I CC-12.1

f=4005–

,9
‘1

I

Figurel.-Velocitydiagramsatpitchsectionfordesiguconditionand
measuredvaluesneardesignflowrateexpressedas a fractionof Ut.

— —-—
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Figure14.- Vsriationofefficiencyacrosstheannulusfora typical

testoftheconstant-annulus-areaconditionwith7~0abovedesign

bladeangleat solidity1.0. @ approximatelyequsltodesignvalue.
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10 Aove designfor 75 blade angle, solldi~ of 1.0, and annulus-area

‘4
!%*

ratios of 1.15, 1.00, 0.85, and 0.70. (Verticallines across curve

indicate design pointa.)
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Figore 26.- hkthodsof cmecting velocity vector d@ram6 of VaI’Yl.W

axial veloci~ to cmpare with constant-axial-velocity caacade or
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Figure ~.- CcrQarisonof estimatedand measured turning-anglevariation
with angle of attack at the Mboard, pitch, and outboardblade sections

for7~0 above design blade angle, solidity of l.O,aroi annulus-area ratios

of 1.15, 1.00, 0.85, and 0.70 using the constant-circulationsystem
corrected to the ent~~ axial velocity. (Ears across curves j.33Mcate

design points. )
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Figme 28.- Comparison of estimatedawl measured turning-emglemrlation
with angle of attack at the inboard,p,ltch,ad outboardblade sections

for ~~” above design bhde angle, solidity of l.O,and -us-area ratiofi

of 1.15, 1.00, 0.85, and 0.70 using the constant-circulationsystem
correctedto the mean axial velocities. (B=rs across curve= indicate
design points.) U
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(a) Ammlus-mea ratios of 1.15 a33d1.00.

Figure 29.- Variation of measured total- and static~pressure-risecoeffi-
cients across the annulua M comparedwith values esthatsd usimg the

man-axial-velocity, constant-circulation system fac 7~0 abo& design

blade angle}ani solidi~ of 1.0.
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Fi@me 33..Variation of measured mass flov error and measured and estimated
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